That the thermal resistance of at least some types of microorganisms is increased when heated in hypertonic solutions of various carbohydrates is now well established. A review of the literature concerning this subject has been presented by Fay (1934) . This author found that sucrose and glucose in concentrations above 0.75 M were protective for Escherichia coli. No protection was obtained with saturated lactose solution and 50 per cent maltose solution gave only slight protection. In these experiments the bacteria were heated in nutrient broth solutions of the sugars. It was not stated by what means the solutions were sterilized.
That the thermal resistance of at least some types of microorganisms is increased when heated in hypertonic solutions of various carbohydrates is now well established. A review of the literature concerning this subject has been presented by Fay (1934) . This author found that sucrose and glucose in concentrations above 0.75 M were protective for Escherichia coli. No protection was obtained with saturated lactose solution and 50 per cent maltose solution gave only slight protection. In these experiments the bacteria were heated in nutrient broth solutions of the sugars. It was not stated by what means the solutions were sterilized.
In a later paper Baumgartner and Wallace (1934) published results which were not in agreement with Fay's findings in respect to lactose. They found that lactose in 17 per cent solution and sucrose, glucose and invert sugar in 20 per cent solutions were each protective for Escherichia coli. In this investigation the sugars were sterilized by autoclaving in a dry state and then dissolved in sterile buffer solution.
The effects of heat sterilization on media containing sugars have been investigated by several workers. Mudge (1917) re- ported that hydrolysis of lactose and maltose was greater when sterilized in streaming steam for three successive days than when once autoclaved at 15 pounds pressure for 15 minutes. Fulmer, Williams and Werkman (1931) noted growth stimulation of yeast and certain bacterial species including Escherichia coli in a medium (containing 0.6 gram NH4Cl, 0.2 gram K2HPO4 and 5.0 grams glucose per 100 cc.) which had been sterilized at 15 pounds pressure for 15 minutes. The stimulant was not caramel but a substance produced parallel with caramel. Previously, Lewis (1930) reported that growth of some types of bacteria was completely inhibited in media containing either glucose, maltose, lactose, galactose or levulose which together with phosphate and a source of nitrogen had been sterilized at 1220C. for 15 minutes.
The reaction depended on the concentration of sugar, phosphate and nitrogen compound present and it was concluded that the inhibition was due to the conversion of the nitrogen compound into a form not suitable for assimilation by certain bacterial species.
In the course of work in this laboratory on the quantitative effects of sugars on the thermal resistance of Escherichia coli it was found that the method of sterilising reducing sugars greatly influenced the results obtained. The experiments indicated that for sugars of this type it is necessary to adopt the filtration method of sterilization, since their heat treatment in buffer solution or nutrient broth results in the formation of material which reduces bacterial heat resistance. The toxic material was formed during heat sterilization of the sugars in solutions with or without nitrogenous compounds. The material acts as a direct toxic agent and is not connected with alteration of nutrient materials.
METHODS
The sugars used in this work were supplied by British Drug Houses Ltd., and were the purest available. They were dissolved in McIlvaine's disodium phosphate-citric acid buffer solution or nutrient broth (both at pH 7.0). The basic thermal resistance of the test organism was estimated in plain buffer solution or nutrient broth. A suspension of a filtered, 24 hour agar growth of Escherichia colil was suitably diluted and from a pipette graduated in 0.01 cc., exactly 0.25 cc. was mixed with 20 cc. amounts of the various solutions. These were subjected to a 1-minute uniform shaking. The control tube (without sugar) was diluted 1:1000 with sterile distilled water and then plated in duplicate. Counts were not made of the sugar solutions, equal inoculation being assumed in each instance. Three cubic centimeters amounts of each inoculated solution were then placed into sterile tubes (5 x 2-inch) and these were heated in a water bath at 540C. for eight minutes. No differences in heat penetration into the various solutions were noted. After rapid cooling the solutions were diluted 1:100 and 1 cc. amounts of this and also the undiluted solution were plated in duplicate into 20 cc. of plain nutrient agar (pH 7.0). The amount of sugar added to the test plates via the inoculum was, in the case of the 1: 100 dilution of glucose, only 0.0045 per cent, an amount which was considered unlikely to influence the results appreciably. In the plates receiving undiluted solution the concentration of glucose reached 0.45 per cent, but where such plates were used in obtaining counts the number of survivors was so low that any stimulative influence of the sugar was disregarded. The plates were incubated for 3 days at 370C., counted and held for a further period of 4-5 days at room temperature. Counts exceeding 10,000 per cc. are given to the nearest 500. EXPERIMENTAL 1. The effects of heat-sterilised andfilter-sterilised sugar solutions on the thermal resistance of E. coli The sugars were used in 0.5 M concentration. Two series of sugar solutions were tested in which the solvents were buffer solution and ordinary nutrient broth (pH 7.0). The solutions were sterilised at 112'C. for 15 minutes. Due to this treatment caramelisation and acid formation occurred to a varying degree in each of the reducing sugar solutions. After sterilizing, the pH values of the solutions were adjusted to 7.0 with sterile N/10 NaOH solution. The results showed that in each instance, autoclaved solutions of reducing sugars gave an increased lethal effect. This was also apparent when fractionally sterilised sugar solutions were used (table 2) . In this case, sugar solutions in buffer were sterilized in streaming steam for 30 minutes on 3 successive days. Changes in pH which occurred in the reducing sugar solutions were adjusted after sterilizing.
These effects, in which heat sterilized reducing sugar solutions increased the thermal destruction of E. coli, did not occur if the solutions were sterilized by filtration. With this method of sterilization, all the sugars tested increased the number of cells surviving heat treatment (see table 3 ). In this experiment a Seitz Filter fitted with Seitz E. K. filter pads was used. Heat treatment of the solutions was completely avoided. Lewis (1930) observed that solutions of glucose in distilled water autoclaved at 1220C. did not cause growth inhibition when incorporated in a nutrient medium.
We have noted that for the production of toxic material from solutions of glucose in distilled water, it was necessary to heat the solution until caramelisation occurred. This requires treatment at 1300C. became straw coloured and acid was formed. The solutions were evaporated in vacuo (210 mm. Hg) until the sugar remained as a very thick syrup (about 80 per cent glucose). The sugar tended to char if evaporated beyond this point. The syrup was then redissolved in buffer solution to give 0.5 M concentration of glucose. The solutions were finally sterilized by filtration. The distillates obtained from the evaporation proc-esses were used for preparing plain buffer solutions and were included in the tests with other controls.
Heat sterilization of glucose without production of toxic material is possible if the sugar is autoclaved in a dry state and subsequently dissolved in cold sterile buffer solution. For example, in plain buffer solution, with an initial concentration of 210,000 viable cells per cubic centimeter, 4,500 cells per cubic centimeter survived heating at 540C. for 8 minutes. In 0.5 M glucose (sugar sterilized dry for 15 minutes at 1120C. and then dissolved in cold sterile buffer) the survivors numbered 10,500 per cubic centimeter. Experiment did not support the hypothesis that, with more concentrated sugar solutions, the effect of toxic substances resulting from heat sterilization would be masked by the protective effect of the increased amount of sugar. The solutions used were 2.5 M and 0.5 M glucose in buffer (pH 7.0). These were autoclaved at 1120C. for 15 minutes. It was noted that the 2.5 M solution was caramelised to a greater extent than the 0.5 M solution by this treatment, the former was deep straw, whilst the latter was pale straw in colour. Acid formed during sterilization was afterwards neutralized with sterile NaOH solution. Controls consisted of duplicate samples, filter sterilised, of the sugar solutions and plain buffer solution.
2. The production of caramel and toxic material Results of the experiments with distilled water solutions of glucose suggested that'caramelisation is a necessary complement to the production of toxic material. If this is so, then increased caramelisation of a solution would be expected to lead to increased toxicity.
To test this theory the following experiment was made. Twenty cubic centimeter amounts of 0.5 M glucose in buffer solution (pH 7.0) were autoclaved in large test tubes, the treatment varying with each tube. A further 20 cc. of the same solution were filter-sterilised, as were 20 cc. of plain buffer solution. In the heated solutions caramelisation increased according to the severity of the heat treatment. Acid production occurred and adjustments to pH 7.0 were made with sterile NaOH solution. Results are shown in table 6. The data given in table 6 indicate that the toxic material arising from the heat treatment of dextrose solution is produced parallel with caramel or that the caramel is in itself toxic.
It was found that the toxicity of a caramelized, buffered glucose solution was only slightly reduced by treatment with a purified adsorbing charcoal (table 7) . In this experiment, the glucose solution (0.5 M in buffer) was autoclaved for 20 minutes at 120'C. This treatment caused the solution to become dark brown in colour and acid was formed. After treatment with charcoal for 60 minutes at 370C. the solution was passed through a Seitz filter. The solution was then only faintly coloured, practically all the caramel having been removed. After filtersterilising the solution was neutralized with sterile NaOH solution.
The data given in table 7 indicate that almost complete removal of caramel from a heated glucose solution has only a very small effect on the toxic strength of the solution. It would thus appear that caramel is not the toxic agent. The slight decrease in toxicity which occurred upon removal of caramel was possibly due to adsorption of a small amount of the toxic material simultaneously with caramel. In addition to the toxicity of heat-sterilised glucose nutrient broth demonstrated in the thermal resistance tests (table 1) , it has been found that such a medium is also capable of retarding the growth of E. coli (table 8) . Lewis (1930) found that the production of inhibitory media was affected by the phosphate content of the medium, at least 0.2 per cent K2HPO4 being required for inhibition to occur. He also found that a glucose medium which was inhibitory for some species did not inhibit the growth of E. coli. It would seem, however, that Lewis's experiments were concerned with complete inhibition rather than the slight effects considered in the present report.
In the heated glucose nutrient-broth which we have noted to be toxic at 540C. and also slightly inhibitory to the growth of B. coli at 370C., the only phosphate present was that occurring normally in the medium, about 0.06 per cent calculated as K2HPO4. Experiments were made in which the phosphate content of the medium was increased by addition of K2HPO4. The heated media were sterilised at 112'C. for 15 minutes. Changes in pH occurred during sterilization, and the media showed signs of caramelisation; that containing added phosphate being more affected than that without added phosphate. After sterilizing, the pH of the heated media was adjusted to the original value of 7.0 with sterile NaOH solution. The control media (pH 7.0) were sterilized by filtration. To 20 cc. of each of the media prepared, was added one drop of a filtered distilled water suspension of E. coli and the tubes incubated at 370C. Before inoculation all tubes were brought to a temperature of 370C. by immersion in a water-bath for 20 minutes.
It will be seen that the growth of E. coli is delayed in heatsterilised glucose broth. Increasing the phosphate content of the medium appears to increase the delay. The delay persists throughout the growth of the culture and in view of the increased thermal destruction in similar media (table 1) it is reasonable to suppose that it is due to direct toxic action on the bacteria of a substance produced during sterilization of the medium. Topley and Wilson (1929) , discussing the growth of bacteria in unsuitable media state: "In a medium that is unfavourable-for example one with too high a hydrogen ion concentration-the lag phase is often greatly prolonged; several hours may elapse before the organism begins to grow, but once it has started, it may grow as well as in a medium of optimum reaction. This statement is only true within certain limits; if the medium is very acid, then the growth may not only be slow to begin, but may remain poor in its later stages. A similar observation has been made by Moore (1915) 
DISCUSSION
The object of this investigation was to ascertain the effects on the thermal resistance of E. coli of buffered and nutrient broth solutions of reducing sugars sterilised by various methods. The data collected indicate that the filtration method of sterilization should be adopted for such work. Using this method, all the sugars tested, including lactose and maltose, increased the number of cells surviving heat treatment. It thus seems that conflicting reports in the literature concerning the effects of certain sugars on bacterial heat resistance may be due to the use of different methods of sterilizing the sugar solutions.
Search of the literature has so far failed to reveal any conclusive account of work which would throw light on the nature of the toxic material formed by the thermal treatment of reducing sugars, in solution (excluding distilled water). The socalled caramel is known to be a highly complex mixture containing colloidal constituents (Clayton, 1932) but caramel as such has been excluded by the necessary tests. It would appear, therefore, that along with caramelisation, some other chemical compound is produced, which in the pure state must be highly toxic to bacteria. Lewis (1930) discussed the literature concerning the transformations which occur in sugars under the influence of heat and various compounds such as phosphates and caustic alkalies, and concluded that the material causing growth inhibition in his experiments was an aldehyde: This aldehyde combined with the nitrogen source in the medium and rendered it non-assimilable. Ambler and Byall (1935) have reported extensive data on the influence of non-sugars on the caramelisation and inversion of sucrose, drawing attention to the deep-seated and complex isomerisations and degradations involved. Unfortunately, their results cannot be applied to the investigations just described.
Further work is obviously desirable in an attempt to isolate and identify the toxic agent. This should be attempted by working with greater bulk and investigating the fractions obtained by adsorption technique. Removal of colloidal complexes should be first effected, e.g., with alumina cream. If the toxic agent has an affinity for protein it may be expected to reveal this by surface film studies in a Langmuir-Adam trough. It is also necessary to ascertain whether the toxic effect is general for a wide range of bacteria.
SUMMARY
Sterilization of reducing sugar solutions by autoclaving at 112'C. for 15 minutes or steaming for 30 minutes on three successive days results in the formation of material which is directly toxic for E8cherichia coli at 540C. and is capable of delaying the growth of this organism at 370C.
The material is produced simultaneously with caramel in reducing sugar solutions in which the solvent is McIlvaine's citric acid-phosphate buffer or nutrient broth; for its production in distilled water solution, drastic heat treatment, sufficient to cause caramelisation is required. The toxic material does not occur when buffered or broth solutions of reducing sugars are sterilized by filtration.
Filter-sterilised glucose, galactose, lactose, maltose, sucrose, mannitol, and glycerol in 0.5 M concentration in buffer or broth were all found to protect Escherichia coli against thermal destruction.
